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THE LOCALIZED CORROSION OF ALUMINUM ALLOYS - A REVIEW

R. T. Foley
Chemistry Department
The American University
Washington, D. C. 20016

I. INTRODUCTION

Localized corrosion, which usually appears as pitting,
crevice corrosion, or certain aspects of stress corrosion cracking,
is a multi-step process. Once this is recognized the large number
of apparently unrelated investigations assume a certain coherency -
the experimental findings fit into the pattern which is developed
from the assembly of the individual steps. The divergence of opinion
among investigators comes when the attempt is made to magnify the
importance of a single step to the whole, implying that the sig-
nificance of this individual step overshadows all other steps, For
example, the first step in a surface process, such as pitting, must
be the adsorption of some reactive species. Being the first step,
its importance is obvious. However, to propose that pitting can

be explained in terms of an adsorption theory is not only presumptu-

ous, but misleading, because it implies that the following steps
are of reiatively minor importance. Like the individual links in
a chain, all steps are important and if any of the steps (or links)

are eliminated the process will not go forward.




What is intended to do in this review is to first, briefly
summarize the experimental observations that have been reported
in the literature during the past 70 years. An inspection of the
literature reveals that there is a general acceptance regarding
the involvement of certain physical or chemical processes in the
localized corrosion of aluminum alloys. There is not general
agreement with respect to the relative importance of each of
these processes. But, it is possible to write down the individual
steps in the multi-~step process as dictated by the experimental
findings reported in the literature. Then, the investigations
conducted during the last 10 years are reviewed within the context
of the proposed multi-step process of localized corrosion.

Over the last 70 years a tremendous number of investigations,
both in the field and in laboratories, have been conducted on the
corrosion of aluminum. A bibliographic survey of the chemical
aspects of the corrosion of aluminum up to 1980 lists about 1000
papers. This survey does not include reports of stress corrosion
cracking, fatigue, or metallurgically oriented studies, all of
which would be required to adequately describe the corrosion of
aluminum. In the following, the references that will be cited
will be typical rather than comprehensive. The purpose will be
to draw from these reports certain well-founded, and well-accepted
conclusions useful in identifying the individual steps in the

multi-step process of localized corrosion.



It was recognized as early as 1912 that aluminum was corroded
by salt solutions (1) and further, that this corrosion was enhanced
by impurities. Subsequent investigations over the years (2-24)
elaborated on this behavior and the general impression was developed
that the chloride ion was unique in promoting the corrosion of
aluminum. In recent years this uniqueness has been discounted,
and the work unique has been replaced by the term specific. It was
observed in 1916 that aluminum was corroded by organic acids such
as acetic acid (25). This was not a pitting type of attack but
the information gathered by such studies was useful in formulating
a mechanism for localized attack. Subsequent investigations of the
corrosion of aluminum alloys by organic compounds (26-32) were
numerous and can be related to localized corrosion through the
relative tendencies of anions to form soluble complexes (33-42).
The notable case illustrating complex formation was the enhanced
corrosion of aluminum in fluoride ion solutions (43-48) in which
the existence of aluminum fluoride complexes was well recognized.

Whereas, it was very evident from the start that the most
serious cases of aluminum corrosion involved anions, such as the
halides, it was also apparent that aluminum would corrode in pure
water or water relatively free of electrolytes (49-56). Moreover,
it was observed that certain inorganic ions and organic molecules
were effective in inhibiting corrosion (57-77). The observation

that aluminum was passivated in chromate solution was made as




early as 1924 (57).

The essential role of the oxide film on aluminum was mentioned
in 1920 (58) and subsequent reports (59-89) emphasized this unusual
feature of aluminum behavior. It was recognized that the oxide
film could be produced by anodizing (90-94) as well as by exposure
to air. This encouraged studies of the structure of the film as
well as the corroding metal (95-110) and attempts were made to
correlate structure with corrosion rates. The colloidal nature
of the aluminum hydroxide reaction product and the relationship
between this colloidal character and aluminum corrosion was recog-
nized many years ago by Latvian workers (111-115). The colloidal
nature of aluminum hydroxide and the oxide film on aluminum is of i
tremendous importance in the initiation of aluminum pitting and
subsequent propogation. It suggests that the whole problem can l
be better approached by employing the principles of colloid chemis-
try rather than solid state physics. Unfortunately, this Latvian
work has been unrecognized or simply ignored by most corrosion
scientists. The chemical reactions of aluminum are, in one sense,
unusual in that aluminum is amphoteric, soluble in acid solutions
as well as alkali (116-120). This fact bears heavily in the formu-
lation of localized corrosion mechanisims.

A complicating factor in aluminum corrosion is the composition
of the alloy (121-127) but this is a consideration that aluminum
shares with most other metals. It does appear that galvanic
attack (128-134) on aluminum is greater than with other metals

due to its activity.
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A number of strictly electrochemical studies (135-147)
have been made, recognizing the important role of changes in
the electrode potential during the corrosion reaction. These
studies have included polarization curves and the measurement
of pitting potentials which are discussed in more detail below.

In the literature over the last several decades a number
of related factors have also been examined. These include the
temperature effect of aluminum corrosion in agueous systems,
corrosion by gases such as CO2 and SO2 in water, and the initi-
ation of corrosion by photochemical energy. These topics are
not covered in this review. Stress corrosion cracking is only
considered in connection with some work wherein the solution
in the advancing crack of a stress-corroding specimen was
analyzed.

II. STEPS INVOLVED IN LOCALIZED CORROSION

It is generally accepted that the following four steps
are involved in localized corrosion. These steps are listed in
their time sequential order, if not their order of importance.

1. Adsorption of the reactive anion on the oxide

covered aluminum. (It is assumed here that the
transport of the reactive species from the bulk
solution to the metal surface is occurring at
sufficient rate).

2. Chemical reaction of the adsorbed anion with

the aluminum ioh in the aluminum oxide lattice




or the précipitated aluminum hydroxide (this
may be an exchange reaction).

3. Thinning of the oxide film by dissolution.
(This step includes, also, the process which
has been described as "penetratioﬁ" of the oxide
film by the aggressive anion).

4. The direct attack of the exposed metal by the
anion, perhaps, assisted by an anodic potential.
This is sometimes called "pitting propagation"

III. THE ADSORPTION STEP

The adsorption of anions on the oxide-covered aluminum
surface which would promote pitting corrosion has been viewed
as, a competitive process. That is, chloride or another aggres-
sive ion is adsorbed competitively with hydroxyl ions or water
molecules which would, if adsorbed, tend to promote passivity.

There is substantial experimental evidence for the ad-
sorption of anions and particularly for the adsorption of chloride
as a preliminary step to pitting. Videm (56) measured the pick-
up of chlorine-36 on oxide covered aluminum surfaces by auto-
radiography before film breakdown and during the pitting corrosion
process. No pickup was detected before breakdown supporting the
idea that the initial adsorbed Cl~ formed a soluble complex that
diffused out into the solution. During pitting corrosion there

was a heavy pickup in the pits with restricted diffusion. The
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conclusion from Videm's work is that chloride is adsorbed, and
the main adsorption occurs at sites which will subsequently be
pits. Berzins et al (148) measured adsorption isotherms on
corroding Al with 36C1- with similar results. The chloride ad-
sorption was mainly localized to the corroding pit sites.

Other investigations with radioactive chromium (149) and
radioactive sulfur (150) confirmed the adsorption of chromate
while inhibiting corrosion in NaCl solution and the adsorption
of dibutyl sulfide in H2504 solution.

With the employment of more sophisticated analytical tools,
the adsorption of, not only chloride ion, but other inorganic
ions on oxide covered aluminum when immersed in aqueous electro-
lytes has been definitely established. Using secondary ion mass
spectroscopy, Wood, et al (151) detected substantial adsorbed
Cl™ at the oxide-solution interface but none in the bulk oxide.
The sample used was 99.99% Al covered with a 720 i barrier type
oxide film immersed under open circuit conditions for 6 hours
in a KCl solution. That is, it was not necessary to use an
applied potential to achieve substantial adsorption. Experiments
with chromate produced similar results. Immersion of the aluminum
in 1M potassium chromate-dichromate solution at pH 7.3, again gave
a high concentration of adsorbed chromium at the outer oxide-
solution interface.

Augustynski (152) used X-ray photoelectron spectroscopy

(XPS) to measure the adsorption of Cl, 50:, 0104-, NO, 7, Cr047
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and molybdate on Al of 99.997% purity. All of these anions were
adsorbed. With respect to Cl the photoelectron spectra showed

a strong cl 2p signal. The binding energy was close to that of
A1C13 but the Author did not draw a definite conclusion with
respect to the form in which the chlorine resided on the surface.
The adsorption was potential dependent. The relative concentration
of C1™ in the oxide film increased from 3 atomic percent at the
open circuit potential to 12-13 atomic percent near the critical
pitting potential. In common with other studies the chloride

was found to be located in the outer 15-20 X of the film.

The adsorption of ions on a barrier type oxide film produced
in borate solution was also studied with x-ray photo-electron
spectroscopy by Konno et. al. (198). After immersion of the
oxide film in distilled water for 3 days it was observed that
the OH™ concentration in the outer part of the film increased by
a factor of 3. When immersed in chromate and phosphate solution

2- and P03~ ions were adsorbed on the

it was observed that CrOA
oxide surface to form a mono- or bi-layer. This reaction layer
hindered the hydration reaction. From this study it would be
concluded that in the absence of compound-forming species
(chromate) the oxide would be hydrated and pass into the
colloidal state.

From these studies we conclude that not only chloride, or
the so-called "aggressive' anions adsorb, but anions such as

sulfate and chromate as well. This, then, shifts the question to

the nature of the compound formed upon adsorption.




The adsorption of anions on oxide-coated aluminum

has been adequately demonstrated. Further, it may be deduced
that this adsorption should be non-uniform. The surface
examination of metals gives positive evidence with respect to
the heterogenity of the metal surface even in the case of
very pure metals. A modern view of the metal surface will
disclose terraces, kink sites, and various types of dislocations.
A thin oxide layer would tend to replicate this geometry. It
is further known from studies such as those employing the field
ionization microscope that the rate and extent of adsorption
and, indeed, chemical reaction, varies with crystal orientation.
The activity of a catalytic surface depends on the number and
type of "active centers'. It is then reasonable to expect enhanced
adsorption and surface activity at imperfections or flaws in the
oxide film. The case for the role of flaws in the oxide film func-
tioning as "active centers' has been convincely made by
Richardson and Wood (153-4). It should then be concluded that the
site of anion adsorption should be at flaws or dislocations in
the oxide film.

Experimentally it has been demonstrated that rapid adsorp-
tion of anions takes place at open circuit potential, that is,
an applied potential is not required for extensive adsorption.
Considering the electrical properties of aluminum oxide, this is

understandable. The isoelectric point for aluminum oxide is about

8.9-9.2 (155).- The isoelectric point for oxide covered aluminum

according to Campanella, et al (156) is about the same although




the measurements are not very precise. The isoelectric point
does not seem to vary appreciably wifh chloride concentration
(155). It would be expected then that in solutions of pH between
4-10 the aluminum oxide particle would be positively charged,
attracting negative ions. The zero charge potential of oxide-
covered aluminum measured in 0.01M KCl is -0.523 V (NHE) (157).
The critical pitting potential of Al has been reported by
Nisancioglu and Holtan (158) as -0.52 V (NHE) in 3% NaCl solution
at 30°C. The correspondence of these values suggests the
possibility that the influence of potential, as expressed by

the critical pitting potential, is to move the potential of

the aluminum surface above the point of zero charge. This

would lead to enhanced adsorption because specific adsorption

of chloride ions would be expected to occur below the point of
zero charge.

Any discussion of the initiation of pitting regardless of
the proposed nature of the first process should include a con-
sideration of the significance of the pitting potential. As
mentioned above, very early in research in corrosion science
the effect of the electrical potential on the corrosion of
aluminum was investigated in many laboratories. With regard
to the localized corrosion of aluminum the potential enters
into the mechanism in two ways, first in connection with pit
initiation and secondly, with pit propagation. It has been
postulated that the potential enters into the initiation step

by providing the potential for anion adsorption on the surface.
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Most work has been done with chloride solutions and reliable

values for the critical pitting potential have been documented

as reported below. But, once the pitting process has been initiated,
metal dissolution can occur at lower potentials - cases have been
reported for much lower.

The measurement of the critical pitting potential of alu-
minum and its significance has been the subject of considerable
study at Trondheim (147, 158-161). Initially, Broli and Holtan (159)
examined three different methods for the determination of the
pitting potential and the protection potential of aluminum in de-
arated solutions of 37 NaCl. These methods were, 1) a potentio-
dynamic method with continual change of potential at scanning rates
of 1 to 100 mV/min; 2) a quasi-stationary method using a stepwise
change of potential, eg., lmV/min to 10 mV/min., the entire exper-
iment taking 6-8 hours; and 3) a stationary method which involved a
stepwise change of potential in which the potential was kept con-
stant until a constant current was established, the experiment
taking 4-6 days. With regard to the first method it was found that

the pitting potential, E_, depended on the scan rate. Further, the

p’
%’ values with the three methods varied over the range of -517 mv

(SCE) to -713 mv (SCE), the latter being obtained by the stationary
method and the only value representing electrochemical equilibrium.

The protection potential, E also varied with the method and only

pp’
for the stationary method coincided with Eb. Broli, et al (160)
continued the investigation by measuring the effect of potential and
chloride concentration on the pitting potential. The potential de-
pendence for the incubation time,r,'i.e. the time required for appre-

ciable anodic current to flow at a given anodic potential could be

11




expressed by
1 _ .
Tk (E-E), [1]
E being the applied potential, and k', a reaction rate constant.

k' is a function of Cl~ ion concentration

k' = a cd;- ]

in which b is the slope d log k'/d log cc1”

The pitting potential was found to decrease with increasing Cl~ ion
concentration but not linearly. The rate of initiation, 1/t, was
found to increase with Cl~ ion concentration.

The results of these investigations were summarized by
Nisancioglu and Holtan (158). Whereas both current-controlled
methods and potential-controlled methods have been used in the
measurement of the critical pitting potential the most reliable is ‘
the potentiostatic method - a stationary method. A comparison of '
the values is complied in Table I for a 99.537% Al alloy (0.25 Fe,
0.18 Si) (158). The methods give values in close agreement. When
critical pitting potential measurements made over a period of some
years were reviewed the following conclusions were drawn:

(a) Pits almost never initiate at E < -0.76 V (SCE)

(b) Pits seldom initiate at E = -0.76 V (SCE)

(¢) Pits often initiate at E = -0.75 V (SCE)

(d) Pits always initiate at E > -0.75 V (SCE)

Attempts have been made to use the pitting potential as a
criterion for the susceptibility of different aluminum alloys for
pitting. These attempts have been unsuccessful, understandingly,

because the adsorption step is not dependent directly on the alloy

12
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Table I. Re-analysis of the data of Broli for the critical pitting potential of Al alloys
in 3% NaCl obtained by various methods of measurement. Quasi-stationary results
, were obtained by stepwise scanning. Values with asterisks have been obtained
in the present work. Potentials are in mV(SCE). (from ref. 158)
Alloy Temp. Gas Quasistion- Stationary Potentio- Galvano- Quasi Galvano Open
(C) bubbled ary potentio- potentio- static dynamic stationary static circuit
kinetic kinetic (10 A/min) galvano-
(ImV/min) (10mV/min) kinetic
(10 A/min)
0 N, ~750 -720 -740 =730 -680 ~710
1 s-% H*
0, -740 -720 -750 -750 -680 =700
30 N, =750 =750 -780 -780 =770 -730 ~750 -760
0, -760 =750 =770 =770 =720 =720
0 N, -750 =720 -750 =740

* Al = 99.53, Si = 0.18, Fe = 0.25



composition. This point was established by Nilsen and Bardal
(161) who measured the pitting potential, Ep, the protection

above which the sample pitted and

potential, Ebp and, Eorit.’

below which it did not, for four aluminum alloys. Two methods
were used, a potentiodynamic method and a potentiostatic method.
The results are given in Table II. The significant finding was

that Eb and E for the four alloys were within 25 mv, concluding

PP
that the pitting potential was not determined by the composition
of the aluminum alloy (within the range studied).

Similar conclusions were arrived at by Nisancioglu and
Holtan (158) who used alloys of composition a) 4.09% Mg, 0.54%

Mn, 0.25% Fe, 94.91% Al, and b) 4.20% Mg, 0.56% Mn, 0.25% Fe,
94.76% Al. The values for the critical pitting potential as
determined by the potentiostatic method fell in the range of
-740 mV (SCE) to -770 mV (SCE), as did the values for the 99.53%
Al alloy.

Generally speaking it can be said £hat the critical pitting
potential is a reproducible expermental measurement characteristic
of pitting initiation. It refers to the electrical potential
difference between the oxide film and the electrolyte. On the

other hand the protection potential refers to the electrical

potential that exists between the electrolyte and those phases

that are present after pitting initiation occurs. When a
stationary method is used for measurement they coincide, i.e.,

electrochemical equilibrium has been established.

14




Table II Determined Characteristical Potentials (from ref. 161)

Potentiodynamic method Potentiostatic method
Alloy Zp Eop 2, —  Egp Einit
99al -730 -750 20 -740< Einie € —730
Al-2.7Mg -740 =765 25 =755< Ej ¢ < —745
Al-4.5Mg-Mn -740 =775 35 =760< E; ¢ < -750
Al-1Si-Mg -720 -760 40 =745< E; ¢ < 7735

15
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IV. THE CHEMICAL REACTION STEP

At this point the question relates to the type of species
formed by the adsorbed anions with the oxide coated aluminum
surface. There is substantial experimental evidence that
stoichiometric compounds are formed at this stage by chemical
reaction, as contrasted with loosely held chemisorbed species.

The Engell-Stolica method (162) has been very useful in
establishing the nature of the species involved at this stage.

In the Engell-Stolica method the aluminum electrode is potentio-
stated in the passive range, a known concentration of an aggressive
anion is injected into the solution, and the "induction time" for
pitting is measured (Figure 1l). This induction time is the time
required for a sharp rise in the anodic current to occur. A re-
lationship between the induction time and the concentration of |
aggressive anion allows an estimation of n, the number of anions
associated with a single surface site during the primary pitting

process (23,163).

The reasoning proceeds as follows. The reciprocal of the
induction time, l1/t, is taken as the rate of pit initiation, i.e.,

the number of events per unit time. The rate equation is then

(i) = x[a*" 1™ [xn [3]

T
+++4 . . .
] is the aluminum ion

wherein k is the rate constant, [Al
concentration, and m and n are the respective orders of reaction.

The logarithm form of Eﬂ is
log ( % ) = log k + m log [A1+++] + n log [x7] [4]

16
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Thus, if k and [Al+++

] are taken as constant, then the plot of
log (1/1) vs. log [ X~] will give n, the order of reaction with
respect to X~ ions. We now have reason to think that the term
m log [Al+++]is only constant for a specific halide reaction and
that m is equivalent to the number of lattice ions involved in
a surface reaction site, i.e., the coordination number of the
surface in the sense used by Laidler and others in their develop-
ment of the theory of absolute rate of surface reactions (164).
At constant halide concentration, (1/71) will be proportional to
the rate constant and
(3) = ae Ea/RT [5]
Thus a conventional Arrhenius plot of log (1/1) vs. the reciprocal
of the temperature will yield the apparent activation energy for
the initiation process.

Some results for the stoichiometric number for the pitting of

aluminum and two aluminum alloys in chloride and bromide solution

are given in Table III. These results suggest that at low pH,

4
AlBr++, and at intermediate pH's, complexes with n = 2 to 3.

about one, species such as AlBr are formed, at neutral pH's,

The energies of activation for the pitting reactions in bromide

and chloride solutions are in the range indicative of a chemical

reaction. They are higher in acid solution, pH = 3, than at

18




Table III Stoichiometric number, n, for pittina of aluminum
alloys by Cl- and Br- (from ref. 171)

—— RN — um—

Aggressive Order of
Alloy anion pPH reaction, n
Al 1199 Cl- 0.00 4
Al 7075 Cl- 0.3 4-8
Al 7075 Br- 0.3 4
Al 1199 Cl- 3.56 1.5
Al 1199 Br- 3.56 2.5
Al 7075 Br- 5.8 2
Al (99.995%) Cl- 6.0 2
Al 7075 Cl- 5.8 2
Al 1199 Cl- 5.9-6.1 "1
Al (99.53%) Cl- neutral ~1

PH 0.00 and 0.3 obtained with 1N H280 ; PH 3.56 with a saturated
solution of potassium acid tartrate; gH 5.8 with 1IN Na2804; pH
5.9-6.1 with 0.1-3M KC1.

19




PH = 5.8, in agreement with the order of reaction (Table 1V).
The "induction time", 1, in the Engell-Stolica method should
be interpreted in a statistical sense. It measures an average
rate of reaction over the whole surface to produce a measurable
rise in current. It is not a measure of formation of the first
single pit. In fact, recent examinations with the scanning
electron microscope give evidence that during the "induction
time" micropits have already formed.

From the XPS investigation of Augustynski (152) it was
concluded that once certain anions were adsorbed, they reacted
chemically. Thus, chromate was observed to adsorb on oxide

covered aluminum. In the £film produced in NaZCrO solution

L

the adsorbed chromium was present as CrO, and CrO, ions so

3
the film was then a mixture of hydrated chromium III and alumi-
num III oxides as well as chromium VI species. In the same
investigation the results obtained by adsorption from nitrate
solution ‘support the idea that NO3- is reduced to NH4+. Further,
results obtained with nitrate-chloride solutions again offer |
evidence of the competitive nature of adsorption in that the
presence of nitrate retards the adsorption of chloride.

A number of investigators have concluded from their work
on pitting in chloride solutions that intermediate soluble

complexes are formed. Foroulis and Thubrikar (165), using the

Engell-Stolica method to measure pit initiation on pure Al in

20
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Table IV Activation energies for pitting initiation reaction
of aluminuh alloy Type 7075 with halides (from ref. 1€3)

Ea(kcal mole~1)

. Anion pH 0.3 pH 5.8

' F- _— 4.6

| cl- 18 12
Br- 26 10

' I- 6.6 —_

I 21




neutral solutions, proposed the formation of a soluble, basic
chloride salt, Al(OH)2C1. Stirrup, et al (166) in their study
of pit formation in chloride solutions found a logarithmic
dependence of the critical pitting potential on chloride con-
centration. They concluded that the Cl™ ion reacted directly
with the surface to promote pitting and further, that the reason
that chloride was aggressive was due to the solubility of the
aluminum-chlorine compound. Hagyard and Santhiopillai (39) de-
veloped a pitting mechanism based on the specific ability of
AlCl3 solutions to activate passive aluminum. Further, compounds
such as Al(OH)ZCl and Al(OH)Cl2 have been characterized by
Turner and Ross (167) in their study of the hydrolysis of
aluminum chloride. The work of Sussek, et al (168) in their
study of pit formation on oxide free pure aluminum in chloride
and sulfate solutions supports the concept that a primary step
is the formation of transitory complexes such as

al” + 2c17 = AlCl, (adsorbed) + 2e (6]

AlCl, (adsorbed) = Alcl,’ +e [7]

In summary of the chemical reaction step, it can be said
that there is substantial evidence for the formation of well-
characterized al.ninum~anion reaction products. The first of
these are aluminum complex ions such as A1C1++, A1C14_, Al(OH)Clz,
and Al(OH)ZCl which may be transitory. The second are stable,

covalent, compounds such as those formed with SO4 , such as the

22
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basic aluminum sulfate (169)

4)2 . 2H20 and the hydrated chromium

(a1, (om), (H,0) gl (S0
oxides mentioned above.
The chemical reaction between aluminum and the chloride
ion has been represented (170) by a potential energy surface
as shown in Figure 2. Starting on the right the low energy
compounds, A1203 and Al(OH)3 react with Cl  ion to go through
stages represented by Al(OH)ZCl and Al(OH)Clz, and then through

transitory complexes such as AlCl++ and Al(OH)++.

V. THINNING OF THE OXIDE

Aluminum is a very reactive metal and owes its stability
in normal atmospheres to a protective oxide. 1In the earliest in-
vestigations concerned with the pitting of aluminum in chloride
solution the chloride ion was characterized by its ability to
"penetrate" the oxide film. If, by "penetration" is meant the
diffusion of the chloride ion through the aluminum oxide lattice
it can be safely said that this mechanism has been thoroughly
discounted during the last few decades. On the other hand if
what is meant is the formation of soluble compounds or transitory
species at critical sites then the concept can be justified by
extensive experimental evidence.

The protective oxide on aluminum has been traditionally
regarded as inert. That is, although the film may inqlude cracks

or fissures, it did not dissolve in agueous solutions. Such is
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not an accurate view of the oxide film. Considering alumina,
(o = A1203), which would be expected to be more stable than the
oxide film on aluminum metal, the solubility in various con-
centrations of NaCl is reported in Table V. With regard to
this analysis it should be mentioned that aluminum exists in

+ +
, alom ¥, a1(om,*,

solution (172) as (a) monomeric species, as att
and Al(OH)4- ; as (b) polynuclear species containing 20-100
Al atoms; and as (c¢) large, solid Al(OH)3 particles; all
depending, of course, on the pH of the solution. The analysis
given in Table V was done spectrophotometrically with Eriochrome
Cyanine R reagent (173) and only measured the monomeric species.
It did not measure the concentration of polymers with a basic
unit structure of Al(OH)2C1 which would be expected to form in
light of the above discussion. But, these experiments did
demonstrate that alumina is indeed soluble in agueous solutions.
These results follow those previously reported by Lorking
and Mayne (16,47). They measured the solubility of anhydrous
aluminum oxide specimens produced by anodizing aluminum at room
temperature in 3% tartaric acid producing a "non-porous" type
of oxide. They found that the oxide film so produced was suf-
ficiently soluble in 24 hours in solutions of chloride, sulfate,
benzoate, phosphate, citrate, and chromate to give detectable
gquantities of aluminum in solution. The rate of corrosion of

aluminum, except for chloride solution was related to the initial
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Table V Amount of aluminum ions dissolved in 100 ml of
different NaCl concentration solutions (from ref.

Concentration Aluminum Alumina

of NacCl powder (10g) (10q9)
1.00N 41 + 2 ug 231 + 14)A.g
0.75N 54 + 3 ug 258 + 159
0.50N 65 + 4 pg 322 + 19 ug
0.35N 54 + 3 g 358 + 2lug
0.25N 54 + 3 g 433 + 28 g
0.10N 67 + 4,}1,9' 476 + 28 ug
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rate of the solution. In the solutions other than chloride
the initial anodic reaction was considered to be the repair
of the anhydrous oxide film. In chloride solution, instead
of aluminum oxide being formed, according to these investi-
gators, soluble aluminum chloride was formed. A comparison
of the rate of solubility of aluminum oxide in 0.1 sodium
chloride and 0.1 N-sodium fluoride (47) explains the much
higher rate in fluoride solutions in the pH range of 4-8,
the solubility is explained by the fact that aluminum forms
a series of complexes ranging from AlF++ to AlFGE.

These studies offer independent evidence for the pro-
position that even in the absence of other effects, mechanical,
etc. the oxide film on aluminum would be expected to be thinned
upon exposure to agqueous solution.

The traditional view of the oxide film on aluminum par-
ticipating in a corrosion reaction in aqueous solution has been
one of an essentially anhydrous inert barrier. A more realistic
view of the nature of the film participating in a corrosion re-
action occurring over an extended period of time must involve a
recognition of the colloidal state of the oxide. This view of
the corrosion reaction has been well presented by Liepina et al
in a series of papers (111-115). The corrosion reaction is
viewed in terms of colloidal-chemical effects occurring on metal
surfaces. The following sequence for the aluminum reaction was

proposed for the reaction in KC1l solution,
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Al ~» AlCl3 - polyoxychioride intermediates -

amorphous gels +~ bdehmite -~ bayerite +» hydrargillite.
If the aluminum oxide does exist in collidal form it would be
expected that chloride ion will peptize it and render it dis-
persable. This whole approach to corrosion reactions in aqueous
solution has received inadequate attention.

If the oxide film on the aluminum surface were completely
uniform physically and chemically it would be expected that the
thinning would be uniform over the whole surface. It not, it

would be expected that the normal dissolution process would be

a flaw-assisted process or a flaw~-centered process. The im-

portance of this heterogeneity has been well demonstrated in
a series of elegant experiments reported from the University of
Manchester Institute of Science and Technology (151,174).

When the process of film thinning is being scrutinized
investigations dealing with the structure of the oxide film
along with its physical properties become pertinent. Wood
et al (174) have presented a strong case for the significant
involvementAof flaws in the oxide film. Observations with
optical microscopy and electron microscopy demonstrate clearly
that aluminum oxide films on aluminum, even of zone refined
quality, 99.9999% pure, regardless of surface finish, contain

"flaws". These have been classified as mechanical flaws and

residual flaws. The term mechanical flaws encompasses a large
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number of defects, including scratches, and flaws produced by

crystallographic assymmetry. The term residual flaws originates

from segregated phases such as Cu-Al or Fe-Al compounds in the
respective alloys. Flaws with a population density of 104 to
105/cm2 are reported for films on 99.99% Al and as high as

lOlo/cm2 on Al-Cu alloys. There is general agreement that

surface oxide films contain flaws. Perhaps, the theory may

be argued with on a gquantitative basis, i.e., whether or not

there are as many flaws as reported, but certainly, not on a
qualitative basis, because many studies have demonstrated the
heterogeneity of metal surfaces, and it is well known that

oxides grown on metals experience an epitaxial type reproduction

of surface geometry. The direct linkage of flaws to pit initiation
is also reasonable, particularly because such sites would be pre-
ferred sites for adsorption, and once adsorption occurs the develop-
ment of an active center should be a logical next step. The active
center is then the site for accelerated film thinning.

The work of Pryor et al (82,175) can be discussed under film
thinning because at this stage the focus is on the aluminum oxide
film. Pryor views the oxide film on aluminum, that is, the film
produced by anodization in ammonium tartrate solution at a pH of
7, as well as the air formed film, as a thin, uniform film of
constant thickness throughout the pH range of 0-10. The anodized

films used in the work were about 260 i thick. The reactions
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were discussed in terms of a defect solid state mbdel. The
oxide film was considered to be a face-centered y - A1203
structure similar to that produced by high temperature oxi-
dation. The poorly developed long range order in the crystal
structure was attributed to the inclusion of a small number

of Al+++ ions in oxygen positions in the FCC lattice. Based
on that assumption the further assumption was made that the
corrosion reaction must involve, presumably in a rate deter-
mining step, the diffusion of aluminum ions and electrons
through the oxide film via cation vacancies and anion vacancies
as well. The adsorption of anions at the oxide-electrolyte
supposedly produces a high electrical field which draws the
aluminum ions through the film. To support this view measure-
ments were made of the defect structure, crystal structure,
and thickness of y - Al,0, films (initially 260 A thick by
anodizing) during immersion in solutions of sodium chloride,
chromate, and fluoride. These measurements included a c
capacitance and dissipation facto; determinations at variable
frequencies, electron microscope and electron diffraction,

as well as observations with ellipically polarized light.
According to these measurements, immersion of aluminum coated
with these anodized films in sodium chromate and sodium chloride
solutions at a pH of 6 produced no change in crystal structure
or film thickness, But, immersion in NaCl solution did produce

substantial decreases in the specific resistance of the film
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with time when measured at frequencies below 100,000 Hz. These
results of lowered specific resistance in chloride solution were
interpreted, still following the solid state model, to be due to
the introduction of n-type current carriers by exchange of chloride
ions from solution with oxide ions. Thus, the ionic, but not the
electronic resistance, of the film was lowered. In sodium fluoride
solution, supposedly gross contamination of the oxide occurred by
"complex aluminum oxyfluoride". The capacitance curves were then
interpreted in terms of an increase in average dielectric constant.
These experimental results are a useful contribution to the
field of localized corrosion but their interpretation by the Authors
is inconsistent with other experimental results and current thinking
in the field. The use of a solid state model with the assumption
of a uniform y - A1203 layer itself is inconsistent with scanning
electron micrographs as well as other surface analytical measure-
ments. The development of a high electric field by chloride ion
adsorption when the adsorption is represented as an exchange re-
action with hydroxides is unrealistic. This model does not
recognize well-documented evidence, such as the existence of
flaws in the film, the existence of a hydrated oxide rather
than an anhydrous y - A1203 film, the specific nature of the
anion reactions, or the difficulty in reconciling the effect
of a critical pitting potential on corrosion. The basic question

. . +4++
which is not answered satisfactory is the method in which Al

n




ions pass into solution during the pitting process. The Pryor
mechanism apparently involves the critical step as the lattice
diffusion of Al+++ ions. Davies (176) has critically reviewed
literature investigations on conduction in A1203. He concluded
that A1203 is an ionic conductor with activation energies as
follows; for oxygen transport, for extrinsic conductivity, 53

k cal/mole, and for intrinsic conductivity, 136 k cal/mole; for
aluminum transport, for extrinsic conductivity, 15.2 k cal/mole
and for intrinsic conductivity, 67 k cal/mole. For the solid
state model proposed, the values for the intrinsic conductivity
which is the sum of the enthalpies of mobility and formation of
defects would be applicable. Activation energies for pit pro-
pagation were determined by Stirrup, et al (166) by measuring
the rate of pit propagation (anodic pitting current) at a fixed
potential increment (20 mV) from Ep at a series of temperatures.
The average value was about 2.5 k cal suggesting a rate limiting
solution diffusion process. The activation energies for pit
initiation as reported in Table IV vary from 5.0 to 26.0 k cal
depending on the anion and the pH. It must be concluded that
the solid state model would predict kinetic results about an
order of magnitude lower than those actually observed.

A simpler explanation of the change in electrical properties of

the anodically formed oxide film is the conversion of amorphous
alumina to hydrous aluminum oxide (199). This explanation for the
deterioration of electrical properties is supported by the results

of Konno et al (198).
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VI. DIRECT ATTACK OF EXPOSED METAL

Once the film is sufficiently thinned, the high degree
of reactivity of metallic aluminum insures rapid attack and pit
propagation. Because, the film is thinned locally the attack
on the metal will also be concentrated, in the geometrical sense.
A schematic cross-section of the pit taken from the paper of
Hibner and Wranglén (178) is shown in Figure 3. It is evident
that a number of reactions or physical processes are involved at
any one time. But, it should be emphasized that this step, the
direct attack of the exposed metal, differs in a basic manner
from the pit initiation reaction. The initiation reaction is
concerned with the interaction, chemically or physically, of the
oxide film with the solution (the environment). The growth
of the pit, the propagation of the pit, involves the interaction
of aluminum metal directly with an environment that is changing
as the reaction proceeds. Recognizing this different behavior
then the futility of disclosing a single phenomenon to correlate
the entire four step pitting process becomes evident.
Furthermore, it is now recognized that the direct attack
on any metal surface is not a smooth, continuous reaction.
Rather, it is an erratic process and shows up in potential
cycling. This has been demonstrated by Hagyard, et al (200)
who observed the fluctuation of potential of the aluminum electrodes
and by Hladsky and Dawson (201) who recorded the "electro-
chemical noise" generated by steel electrodes during pitting

and crevice corrosion.
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Nevertheless, theré are certain features of this
particular step upon which there is general agreement.

In préctice pits are very seldom hemispherical or even of
regular geometry, so equations developed on that premise must be
considered very approximate indeed. However, with that under-
standing some empirical results might be reviewed. Dallek (179)
made microscopic observations of the pit formed on AA 7075 in
halide solutions, excluding fluoride solutions, and found that
the pits were predominantly hemispherical. The rate of propagation
expressed as current as a function of time took the form

i-4, = a (t - t)P [8]

where i = the dissolution current; ip = the passive current;

t = time; t; = induction time; a = a constant dependent on the
halide; and b = a constant dependent on the geometry of the

pit. In Figure 1 the current-time curve for pitting initiation
and propagation by Br ion in 1IN H2804 is presented as a typical
curve. A plot of log (i - ip) vs. log (t - t;) the slope of
which is '"b", is given in Figure 4. An equation similar to the
above was obtained experimentally and derived theoretically by
Engell and Stolica (162) for the pitting of iron by chloride
solution. In their derivation they assumed that the pitting
sites were hemispherical, that the dissolution current density
was much greater than the passive dissolution current density
and was proportional to the sum of the pit cross sectional areas,
and that the rate of development of new pits was linearly de-

pendent on time. According to the derivation, when the number

of pits is constant with time, b is 2; when the number of pits
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is proportional to time, b is 3. The data plqtted for the
aluminum alloy in Figure 4 apparently meet or approximate
these specifications, as the data fit the cubic equation quite

well. The data nlotted in Figure 4 follow the equations
2

for 3 x 107%N 1 (i- 1) =0.073 (¢ - £)3
for 4 x 107N C1° (i-1,) =0.0051 (t - ci)?’
for 8 x 107N Br~ (i - i) = 0.00195 (¢ - £)°

It is important to recognrize that the behavior of aluminum alloys

described here probably represents a special case insofar as the

curves experimentally yield a b = 3 or exhibit cubic behavior. The

literature on the kinetics of pitting has been extensively reviewed

by Szlarska-Smialowska (180-1) and she has concluded that the

Engell-Stolica treatment is oversimplified to apply in a general

way to all cases of pitting. Rather, the pits should be placed in

one of the three categories: (i) Case I: The pits are hemispher-

ical and the radius of the pit approximates the pit depth; (ii) Case II:

The pit is nonhemispherical, the radius is greater than the depth;

(iii) Case III: The pit has a cylindrical shape with the radius

less than the height of the cylinder. For this reason, experimentally,

b values varying from 0.5 to greater than 5 have been obtained.

Moreover, in the pitting of Ni in solutions containing various con-

centraions of 304= and C1~ the b value changes with the ratio of the

two ions. From the foregoing, it is concluded that a value of b = 3

conforms with hemispherical pits growing in cross section linearly

with time with the number of pits also increasing linearly with time.
The morphology of the pit is affected by the potential as well

as the specific anion involved in the pitting reaction.
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There has been very little reported in the literature regarding

the morphology of the pit as affected by the nature of the aggressive

anion. Politycki and Fischer (100) described the different
etching patterns formed on high purity aluminum by attack in
HCl, HBr, HI, and HF. Cubic cavities were formed in HC1l and
HBr solutions, cubooctahedral cavities in HI, and no well-
defined etch figures in HF solution. These patterns were
explained in terms of steric relationships that derive from
the direct contact between halide ions of a given radius with
surface aluminum atoms separated by a given distance in the
metallic lattice.

Lacombe et al (95-98) demonstrated the importance of
crystallographic factors in the etching of high purity aluminum.
The intercrystalline attack by HCl was attributed to actual dis-
continuities between grains furnishing a preferred site of attack.
This etching was also observed in NaCl solutions on single crystals
of aluminum. The "veining" was due to small blocks of units (with-
in the single crystal) from which the crystal was build up pos-
sessing slightly different crystallographic orientation.

Heinrich et al (182) report on a microscopic study of pits
in chloride-and nitrate-containing electrolytes. The actual
geometry depends on the potential and the anion; cubic pits were
observed in 0.1N NaCl; pyridmidal pits in a solution of 0.1lN NacCl
and 0.1lN NaNO,; and hemispherical pits in 0.1lN NaNO These

3 3.
studies offer convincing evidence for the crystallographic variance
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of pit propagation. Nguyen (171) observed, along with others,
that the applied potential does influence the morphology of
the pits that are formed on AA 1199 in chloride solution. At

low potential E (620 mV), the pits formed were hemispherical,

appl.

while at high E (1860 mvV), the pit mouth was covered by a

appl.
porous layer film with a small central orifice. It was also
observed that gas bubbles out through this small orifice during
the pitting process. This type of pitting behavior had also
been reported for austenitic stainless steel at 860 mV (vs. NHE)
by Makowski and Szklarska-Smialowska (183) as well as by
Rosenfeld (184).

With respect to the morphology of pits grown on 99.99% Al
produced by anodic polarization Kaesche (185) makes the general
observation that pits grown at potentials near to the pitting
potentials exhibit crystallographic etching whereas pits grown
at potentials far from the pitting potential yield interiors
which are smoothed from electropolishing.

Only with pure homogeneous alloys can regular geometrical
pits be expected and even then as the pits are enlarged they
assume an irregular geometry. This sub-surface behavior
has been dramatically demonstrated in studies of the
pitting of aluminum with the x-ray microscope (202) with
which it is possible to follow the meandering of a pit

just below the surface.

39



If the alloy contains segregated second phases preferential
attack will occur at the sites. This usually leads to inter-
granular attack. During this last step in the pitting process
the heterogeneity of the alloy assumes major importance. Up
until this point the properties of the oxide film have been
overshadowing. In this stage the electrochemical behavior of
the heterogeneous metal surface becomes evident and coupled with
the solution chemistry of the occluded cell becomes the dominant
factor.

It has long been recognized that the heterogeneity of the
alloy leads to accelerated attack. It is now known that hetero-
geneity can be enhanced during surface reaction and can be
reflected in the nature of the corrosion product and perhaps
in the mechanism of corrosion. Auger electron spectroscopy
has revealed that Mg and Zn are heavily segregated at grain
boundaries in an Al-Zn-Mg (AA 7075-T6) (203). It is postulated
that the free Mg can be incorporated into the corrosion product
film in the form of MgH or MgH, compounds, the hydrogen being
produced by the reaction of aluminum with water. The formation
of these compounds is then considered to prevent the formation
and discharge of molecular hydrogen giving the atomic hydrogen
time to diffuse into the meal and produce embrittlement. The
evidence for the grain boundary segregation is substantial, the
extrapolation to the subsequent hydrogen embrittlement mechanism
and the part that it plays in the stress corrosion cracking of

the alloy is speculative.
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It has been shown in studies with photo-electron spectroscopy
and secondary ion mass-spectrometry (204) that considerable surface
enrichment of Li and Mg occurs during the thermal treatment of
technically pure aluminum at temperature as low as 280°C. This
surface enrichment is of the order of 4 x 103 for lithium and
1 x 103 for magnesium. This enrichment of these elements in the
oxide layer is reflected in increased susceptibility of the aluminum
foil to surface corrcsion in the presence of humidity.

It has long been recognized that the composition of the
solution within the corrosion pit differs substantially from that
in the b:lk solution. This also holds for the solution in a
crevice and the advancing crack of a stress corrosion cracking
specimen. Without knowledge of the pH of this solution and the
chemical composition, including A1+++ ion concentration and anion
concentration, it would not be possible to characterize the
composition of the "occluded cell” sufficiently to formulate a
reasonable mechanism for the pitting process. For this reason a
considerable amount of effort has been expended to analyze the sol-
ution in a stress-corrosion crack, in pits, and crevices, both arti-
ficial and naturally occurring. Generally speaking, these analyses
are quite close to each other.

The first attempt to analyze the solution at the crack tip
in an aluminum alloy was made by Brown, et al (186). They
developed a freezing technique to contain the solution at the

tip of propagating crack in NaCl solution and found that the
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pH at the crack tip was acidic (pH - 3.5), and aluminum ions
were present. Those findings were the first experimental con-
firmation of the prediction made by Edeleanu and Evans (187)
that, after corrosion starts, the composition of the solution
inside a pit or a (stress corrosion) crack should be different
from that in the body of the solution. Referring to aluminum
pitting, they concluded that due to imperfect mixing, the H+
accumulating within the pit must be equivalent to the OH
accumulating outside the pit and the latter is responsible for
the observed continued slow rise in pH in the body of the
solution.

Rosenfeld and Marshakov (188) constructed artificial crevices
and measured corrosion currents that developed between otherwise
equal electrodes, one in a crevice, and the other with free access
of electrolyte (0.5N NaCl). A corrosion current of 160 uA/cm'2
developed, with the electrode in the crevice functioning as the
anode. The solution in the crevice immediately became acid and
attained a pH of 3.2 to 3.4. They explained this value by the
hydrolysis of the Al+++ ion to give Al(OH)++. From the hydrolysis

constant of 1.4 x 107°

, they calculated a pH of 3.5. This now
appears to be the correct interpretation of this pH.

Later, Sedriks, et al (189) attempted to simulate the environ-
ment existing inside the crack by using the turnings of aluminum
alloy immersed in initally acid (pH 0, 1, and 2) solutions of
NaCl. They used small solution-aluminum ratios to simulate the
geometry of the crack. They found that the pH'initially started

to increase and then subsequently reached a steady value of

approximately 3.5 which led them to propose that the attainment

42




of a steady pH was determined by the solubility product of
aluminum hydroxide and is directly related to the amount of
free aluminum ions in solution. However, aluminum hydroxide
is not the stable species at a pH of 3.5 (191).

Using microelectrodes having tip diameters of 1 to 5 micro-
meters, Davis (192) working with AA 7075-T651 in a solution 4.4%
KC1 in H20 at a pH 5.8 to 6.2, observed that the pH in the
vicinity of the crack tip was the most acidic and increased as the

pH probe tip was moved toward the bulk solution. Also, the pH at

the crack tip changed only slightly when the pH of the bulk solution

was varied in the range of 2 to 10.

Unfortunately, most of the experimental work on the occluded
cell has been done in chloride solution, and the results, e.g. an
observed pH of 3.2, have been extrapolate to all electrolytic
solutions. Recently (193) the analysis of the solutions obtained
with the freeze-thaw technique of Brown from stress corrosion
cracks in AA 7075 cracked in 1N NaCl, Na2504, NaNO3, and NaClO4
have become available. A summary of the pH's in the crack and
the pre-crack zone (which resembles a crevice) are given in Table
VI). The corresponding Al+++ ion analysis are given in Table
VII. These results demonstrate that the behavior in chloride,
and to some degree sulfate, differs appreciably from that in
nitrate, perchlorate, and HZO' The results in verchlorate are

of special interest because perchlorate ion does not form
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Table VI. Analysis of Stress Corrosion Crack Solutions - pH

measurements. (from ref. 193)

Electrolyte pH
Corrosion
Crack tip product Precrack region Bulk Solution
region
1IN NaCl 3.0-3.2 4.2 - 4.5 4.6 - 5.0 7.0 - 7.2
1N NaClO4 6.1-6.3 6.6 - 6.9 6.9 - 7.2 7.0 - 7.2
1IN NaNO3 5.9-6.1 6.6 - 6.9 7.0 - 7.2 7.0 - 7.2
1N NaZSO4 6.1-6.3 2.8 - 3.0 4.0 - 4.3 7.0 - 7.2
H20 6.6-6.9 6.9 - 7.2 6.9 - 7.2 6.9 - 7.2
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Table VII. Analysis of Stress Corrosion Crack Solutions -

Aluminum Ion Concentration and Potential (from ref. 192)

Electrolyte Concentration of Al+++ Potential of Plateau
(molar) Bulk Solution Cragk Rate_,,
{vs SHE) (10"cm sec
Corrosion crack Precracked
region region
1 N NacCl 0.025(10) * 0.36(5) -0.588 Vv 1.43
1 N NaClo, 0.008(9) 0.39(8) ~0.524 Vv 0.81
1 N NaNO, 0.005(5) 0.18(5) -0.111 Vv 0.48
1N Na2804 0.005(5) 0.36(6) -0.443 Vv 0.29
H20 - - - 0.61

*number of measurements that were averaged to get the

reading reported
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metal-anion complexes. These results were unexpected. Follow-
ing, what had been reported in the literature it had been assumed
that at the anode, the tip of the crack, Al+++ would go into
solution and a concentrated solution of the aluminum salt of the
respective anion would be formed. The corrosion rates of AA 1199
and AA 7075 had been determined in 0.1N, 0.2N, and 0.5N solutions
of Al (NO

AlBr3, AlC13, Alz(SO4)3, AlCl0 and AlI3 (189).

33, a,

The corrosion rates varied with the salt but for all of these
solutions the rates were very high. All of these salts are the
neutralization product of the respective strong acid and the weak
base, Al(OH)++. These salts upon hydrolysis gave pH's for the
0.5M solutions of 1.10 to 3.49 with most about 2.5. Therefore,
it was expected that the analyses of the solution in the stress
corrosion crack for the four electrolytes would be approximately
the same.

These latest findings lead to the conclusion that, insofar
as, the solution in the advancing crack of a stress corrosion
cracking specimen is concerned, and the artificial crevice pro-
duced in the pre-cracked specimen is concerned, the pH and the
aluminum concentration are anion dependent. There was no evidence
for very concentrated solutions of the aluminum salt and certainly
no evidence for precipitated salt films as has been reported in
the literature.

One complicating factor that has been observed in the exami-

nation »>f stress corrosion cracks and presumably will be observed
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in pits and crevices is the alteration of the chemical species
as the reaction ensues (194).

It is known that nitrate is reduced by elemental aluminum
in alkaline solution (195) which alkaline solution can be pro-
duced in the pit at the cathodic site

8Al° + 3NO,” + 50H + 18H,0 > B8AL(OH), + 3NH, [91]
When a solution of NaNO3'was brought in contact with aluminum
powder, the formation of ammonia could be recognized after 16
hours. Upon shaking the suspension vigorously, the formation
of NH3 was quickly accelerated and within a few minutes, the
heat generated by the reaction brought the whole solution to
complete ebullition. Since no such formation of NH3 was observed
in the case of alumina, it was concluded that NH3 was the product
of the chemical reaction between N03- and the underlying aluminum
metal.

The cathodic reaction occurring within the pit, or on the
pit shoulder, may be either the redﬁcfion of oxygen or the re-
duction of H+ ions. Schikorr (196) in 1933 pointed out that the
corrosion of aluminum takes place with the evolution of hydrogen
when conditions favor the formation of AlCl3 and NaOH at different
sites which do not interact. Recently (197) it has been postulated
that the production of hydrogen and the formation of blisters by
the excessive hydrogen pressure is a precursor to pitting, that

is, hydrogen evolution is involved in pit initiation rather than

pit propogation.
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VII. CONCLUSIONS
Localized corrosion, as evidenced by pits, crevices,
intergranular attack, and stress corrosion cracking of high
strength aluminum alloys is a multi-step process. It has been
found to be more logical in the analysis and review of localized
corrosion to recognize the multi-step character of the process,

than it is to formulate a General Theory of Localized Corrosion

and then to attempt to warp all experimental findings into this
framework.

Such an approach is more practical and useful for the cor-
rosion engineer who is interested in corrosion mitigation. A
recognition of the role of adsorption and chemical reaction would
direct the search for species that would be competitively adsorbed,
in opposition to aggressive ions, and would react to form low energy |
compounds. The environment might be adjusted to balance film
thinning with film repair. The chemical composition of the
occluded cell could be altered to lower pit propagation rate.

The potential could be brought low enough to prevent pitting and
yet not so low as to generate alkali (amphoterism).

The elimination of any one of the four steps in the process
would provide a profitable approach to the elimination of localized

corrosion.
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